Abstract -Electric power can be wirelessly transferred to power supply medical devices, in order to reduce the size of the implants and increase their lifetime. The inductive power transmission, through the interaction between two coils, is substitute by a novel magnetoelectric (ME) technology. In this case, the external coil delivers the energy to a ME receiver, made with an electroactive (e.g piezoelectric) material, bonded between two magnetostrictive layers. The maximum power density obtained is 175 mW/cm 3 , that means 25 times more than current state of the art. This new technology can increase the power density and overpass the issues of directionality, present in the inductive transmission technique, and open new prospective for wireless powering medical implants.
I. INTRODUCTION
Nowadays active implantable medical devices (AIMD) play an important role in monitoring, diagnosing and treating patients. For this reason, device manufacturers invent smart, autonomous and durable implants that improve the patients' health and life quality [1] .
Since the initial demonstration, in the late 1950s, most of the implantable electronic devices, used in clinical circumstances, have been powered by batteries. However, the use of batteries imposes several limitations to the current AIMD. First, due to the finite lifetime of batteries, surgeries are often required, for replacing the discharged units. Second, while electronic circuits get smaller dimensions with rapid development of semiconductor integrated circuit (IC) technologies, the volumetric capacity of batteries has improved rather slowly in the past few decades. Third, the battery has an impact also in the weight of the implantable system, which becomes a major hurdle in minimizing the overall device's size. In addition, even though AIMD are tightly sealed with biocompatible encapsulation materials, there is a finite risk for leakage of electrolytes from the battery, which may cause toxic effects and inflammatory reaction in tissues [2] .
Following these issues, researchers have been studying wireless power transmission (WPT) techniques for decades, as a possible solution to the battery replacement. In this case, an external source is used to transmit energy, for example acoustic [3] or electromagnetic [4] , from out-body to in-body. On the contrary, the internal block converts the received energy into power to supply the device. Both two approaches have positive and negative aspects. In general, the advantages of the WPT are the constant availability of the energy source, instantaneous power transmission and high rate of delivered power. The disadvantages are limited at the device's comfortability for the patient, the high sensibility to the two blocks' orientation and the Specific Absorption Rate (SAR) constraint, imposed by the medical regulatory [5] . From the materials' point of view, the biocompatible packaging of AIMD has also an impact on the WPT technologies and their development. In general, device packaging is mainly made in polymers and/or metals. Having a polymeric encapsulation means having a good electronic insulation, but a short lifetime for the device. On the contrary, employing metals guarantees longevity and hermeticity to the implant, but it causes several heating effects on the surface's enclosure and consequent heating of the patient's tissues.
The objective of this paper is the investigation of an alternative way to wireless charge a medical implant. Nowadays, the most employed WPT technique is based on an inductive electromagnetic system, which delivers the energy [10] and communicates [9] from a transmitter out-body coil to another one, inserted in the medical implant. On the contrary, the proposed solution consists in the replacement of the internal coil with a magnetoelectric (ME) transducer, formed by a piezoelectric (PZT) layer embedded in two layers of magnetostrictive material.
When the out-body transmitter block generates the magnetic field, the magnetostrictive material reacts modifying its magnetization and elastically deforming its structure. This variation can be brought either by the external field or by a change in temperature [7] . The mechanical strain is directly transmitted to the adjacent piezoelectric material.
On the contrary, the piezoelectric (PZT) material changes its internal polarization, in response to the applied mechanical stress [6] . PZTs work along several modes, each one is described through its own coupling coefficient k. This coefficient qualifies the capability of energy conversion between electrical and mechanical. If strain and polarization are in the same direction, the k33 coupling will be used. When strain and polarization are orthogonal, the k31 coupling must be considered [6] . In the specific case of disk-shaped resonators, the kp coupling factor is used for radial oscillations.
The parameter, which better describes the behaviour of the entire composite system, is defined as magnetoelectric effect. It refers to the electric polarization, induced by an applied magnetic field, or the magnetization induced by an applied electric field [8] . In ambient temperature, since single-phase ME materials are not suitable for industrial applications, due to their generally low ME coefficient, the development of multiphase ME composite materials was chosen here.
Previous work showed that 3-layers system at the resonance frequency of 70kHz, can deliver an output power of 600µW, corresponding to a power density of 1.4 µW/mm 3 [13] , employing MetGlas, Terfenol-D and PZT-5H. In another study, a ME receiver made of MetGlas and PFC attained 6.5 mW/cm 3 power density [14] .
II. MATERIALS AND METHOD
The innovative technology presented in this paper is based on a magnetoelectric composite, that will be integrated in the implant (Fig. 1) . The new system converts the electromagnetic energy, generated from the external transmitter coil, in mechanical strain thanks to the magnetostrictive layers. From the elastic stress, the piezoelectric material converts this mechanical energy in electrical energy. The combination of magnetostrictive and piezoelectric materials allows to convert the magnetic energy into electricity, through the modification of elastic bonding, exhibiting new properties that do not belong of its individual constituent phases [8] . In terms of power transduction, the optimal use of ME devices is at resonance frequency, which helps getting highest power densities (proportionally to the device mechanical quality factor).
Compared to the traditional coil-to-coil technology, the advantage of this technology is to reduce the dependence of performances to the orientation and distance of the external coil.
In the literature, the most employed magnetostrictive materials are Terfenol-D [12] and MetGlas [13] , with respectively saturation strains λs of 2000 ppm (at 240 kA/m) and 30 ppm (at 24 kA/m). This parameter λs is the value of the maximum achievable strain, at the corresponding saturation magnetic field. Here, the chosen material is the Terfenol D, for its larger magnetostrictive properties and good matching with the adjacent PZT layer, in terms of stiffness and maximum strain. Concerning the piezoelectric material, the most common materials are the piezoceramic [13] or piezofiber composite (PFC), assembled with epoxy [14] . One of the differences between them is shown in the value of resonance frequency; typical values, reported for piezoceramic composites of mm-diameters, are in the range of 70-200kHz [13] and for PFC in the order of 30-50kHz [14] . In the presented work, the employed ceramic PZT was PZ27 (Ferroperm), with kp of 0.59.
In Figure 2 the tested sample are presented. The disk-shaped has been preferred to rectangular plate, to avoid unwanted electromagnetic effects that may occur at the angles of ferromagnetic structures. The 10 mmdiameter sample is made of one 1 mm-thick ceramic disk, sandwiched between two 0.7 mm-thick Terfenol-D disks and assembled with conductive epoxy. The first resonance frequency of the system, defined by the materials properties and the device diameter, is close to 200 kHz.
The performed tests consisted in exciting the ME transducer with an external magnetic field and measuring the ME voltage and power (Figure 3 ).
The employed set up is formed by electromagnets, which create the DC polarization magnetic field. The AC component of magnetic field is generated with a coil, alimented by controlled AC-current. In addition, a variable resistor is connected to the electrical output of the ME sample. Measurement of the ME voltage enabled to determine the ME coefficient and the output power. Then, using an AC magnetic field of 1 mT RMS and the previous value of DC magnetic field, we measured the ME transducer RMS voltage for different values of the load resistance (Figure 4) . In each case, the frequency was adapted to maintain the system at the resonance.
The output power was then computed as V 2 /R ( Figure 5 ). For load resistances from 47 Ω to 5.6 kΩ, the resonant frequency was comprised between 192 and 199 kHz, as shown in Figure 6 . In these conditions, the maximum output power was found to be 19.5 mW for the optimal load resistance of 470 Ω. The influence of the AC magnetic field was then investigated at resonant frequency, with constant load resistance of 470 Ω and 0.1 T DC magnetic field. As shown in Figure 7 , 33.0 mW maximum output power was attained for 1.5 mT RMS AC magnetic field, so a consequent maximum power density of 175 mW/cm 3 . Comparatively, the highest power densities reported in literature are below 7 mW/cm 3 [13, 14] . Therefore, these very promising results indicate power densities about 25 times higher than current state of the art.
These experiments showed that the output power of the ME transducer is only slightly influenced by the orientation of the excitation magnetic field, on the contrary of coil-to-coil technology. This very interesting aspect will be deepened in further work.
IV. CONCLUSION
A novel technology, based on magnetoelectric composite material, is presented. This artificial magnetoelectric materials was used in a disk-shaped transducer to efficiently convert external magnetic field into electrical power, at the electromechanical resonance frequency of the device.
The maximum power density was found to be 175 mW/cm 3 , which is about 25 times larger than the highest values reported in literature. This very promising result shows that ME transducers could be a profitable alternative to coil-to-coil wireless power transmission systems for active implantable medical devices.
In addition to high power density, reduced dependence of the power performances to directionality and alignment of the external excitation coil with the internal receiver represents significant advantage for deeply implanted devices.
